To elucidate postharvest senescence in strawberry (Fragaria ananassa Duch. var. 'JingTaoXiang') fruit in response to ozone treatment at different concentrations (0, 2.144, 6.432, and 10.72 mg m À3 ), a labelfree quantitative proteomic investigation was performed. Postharvest physiological quality traits including respiration rate, firmness, titratable acid, and anthocyanin content were characterized. The observed protein expression profile after storage was related to delayed senescence in strawberries. A total of 2413 proteins were identified in differentially treated strawberry fruits, and 382 proteins were differentially expressed between the four treatments on day 7 and the initial value (blank 0). Proteins related to carbohydrate and energy metabolism and anthocyanin biosynthesis, cell stress response, and fruit firmness were characterized and quantified. Ozone treatment at the concentration of 10.72 mg m
Introduction
Ozone is an unstable gas that will gradually break down into oxygen and has a unique smell, a strong oxidative capacity, and a broad spectrum of antibacterial properties in water and air. Because ozone and triatomic oxygen (O 3 ) effectively suppress bacteria, moulds, protozoa, and viruses, they are widely used to treat food for safe storage. 1 The effect of ozone application on the quality of fresh fruits and vegetables is atmospherecontrolled and temperature-dependent. Some biochemical, physiological, and molecular approaches have described the physiological and pathological processes associated with fruit senescence under controlled ozone treatment storage. 2 Progress has recently been made on the transcriptome and genome levels. 3 However, the molecular mechanisms involved cannot be fully characterised by the existing transcriptome because the expression prole of the nal gene product cannot be accurately predicted at the transcriptome or genome level. 4 In addition, due to protein modications that reect changes in cell function, mRNA and gene expression analysis may be inconsistent with the functional protein. 5 Recently, quantitative proteomics has been used by plant biologists to simultaneously screen several metabolic pathways that have undergone changes at the molecular level. 6, 7 Proteomic studies on fruits such as strawberries, 8 tomatoes, 7 pears, 9 and grape plants 10 have shown that proteomic methods are useful in the study of fruit ripening, senescence, physiological diseases, and allergens. Nilo et al. successfully identied and quantied the cold stress-response proteins, such as NADPdependent isocitrate dehydrogenase and pectin methylesterase, of peach by a comparative two-dimensional (2-D) difference gel electrophoresis (DIGE) proteomic approach.
11 A large number of protein molecular markers associated with tolerance was detected using a two-dimensional gel electrophoresis (2-DE) approach when strawberry was subjected to cold stress.
12
Using a label-free quantitative proteomics method, 73 proteins related to energy metabolism and protein folding were detected in strawberries upon storage under low temperature and modied atmosphere. 8 However, there have been few studies regarding proteomic changes related to ozone treatment for fruit storage (kiwifruit 13 and tomato 14 ). Additionally, the method of 2-DE is complicated to perform, and the accuracy is affected by many factors. 15 No groups have investigated the proteomic changes of the postharvest strawberry treated with ozone.
Label-free proteomics is a method based on the intensity or spectral count of mass peaks and is convenient and reliable in proteomics studies. 8, 16, 17 Improvements in normalization methods have greatly improved the accuracy of label-free proteomics that rely on mass spectrometry stability. 18 Moreover, the unlabelled method reduces experimental error and is more accurate compared with the labelling method, and label-free quantitative proteomic approaches recognize the deepest proteome coverage, 15, 19 which is advantageous for initial exploration of interesting proteins produced by ozone-treated strawberries during storage.
In this study, the protein spectrum of the strawberry fruit under different ozone treatments (2.144, 6 .432, and 10.72 mg m À3 ) was quantitatively studied using the unlabelled proteomic method. To fully understand the regulation of protein spectra under different storage conditions, changes in fruit senescence at the proteomic level were analysed. The analysis between physiological behaviour and proteomic mechanisms are also discussed in the context of fruit senescence.
Materials and methods

Plant materials and treatments
Strawberries (Fragaria ananassa Duch. var. 'JingTaoXiang') were collected on March 20, 2016 in a modern agricultural science and technology innovation base in the Wuqing District, Tianjin, China. The strawberries were transported to the laboratory within 1 h, and strawberries of uniform size, with accordant maturity, and with no pests, diseases, or mechanical damage, were selected for the experiments. Strawberries were randomly divided into four groups: three treatment groups and one control group. Every group was assigned 18 boxes, and each box weighed approximately 300 g. Each group was placed in an ozone treatment cabinet at 0, 7, 14, and 21 days with different concentrations of ozone (2.144, 6.432, and 10.72 mg m À3 ) for 10 h every 7 days using a precise ozone refrigerated fumigation device and then transferred to 4 C cold storage. The ozone precision control fumigation device (2 m Â 1.5 m Â 0.8 m, with a storage capacity of 1200 L) was developed by the National Engineering Research Center for Agricultural Products Preservation (Tianjin). Ozone was produced by a corona discharge ozone generator (3S-K10, Beijing) with production capacity of 10 g h À1 of ozone. Two ozone sensors (MIC-03, Shenzhen) were mounted on the upper and lower parts of the device and were equipped with a fan that produced a breeze of 0.2 m s À1 to 0.4 m s À1 to ensure sensitivity and uniformity of the sensor. The ozone generator, ozone sensor, and controller operate in combination to achieve a stable ozone concentration in the cold chamber. For example, the ozone concentration is set to 3 ppm and the slewing error is 0.02 ppm. When the ozone concentration is lower than 2.99 ppm, the controller sends a signal to operate the ozone generator to generate ozone. When the ozone concentration is higher than 3.01 ppm, the controller cuts off the signal to stop the ozone generation, and therefore, the concentration of ozone in the chamber was maintained at 3 AE 0.01 ppm throughout the work period. Three samples were obtained for each group at 7 days for the analysis of protein, and ve samples (ve storage points) were taken for the determination of the index. 2.2.4 Anthocyanin. The analysis of anthocyanin content was performed using an ultra-performance liquid chromatography (UPLC)-based procedure, as previously described 21, 22 with some modications. A sample of anthocyanin extract (10 mL; methanol : acetone : water : formic acid ¼ 40 : 40 : 20 : 0.1) was added to 5.0 g strawberry, and the mixture was thoroughly ground and exposed to ultrasonic treatment (35 kHz) for 10 min at 20 C. The mixture was centrifuged at 12 000 rpm at 4 C for 20 min. The supernatant was concentrated on a rotary evaporator at 40 C, and then dissolved in 5.0 mL of a duplicate solution (water : ACN : formic acid ¼ 93 : 7 : 2.5). Finally, the sample was ltered through 0.22 mm lters and injected. The UPLC system consisted of low temperature automatic injection, a photodiode array detector, and a chromatographic column (Waters ACQUITY UPLC BEH C18 column, 2.1 Â 50 mm, 1.7 mm). The injection volume was 10 mL, and the ow rate was 0. 4 Protein was excised from the preparative tube and mixed with 50 mM NH 4 HCO 3 to a nal concentration 0.5 mg mL
À1
. Following the addition of 100 mM DTT to a nal concentration of 10 mM, the protein fractions were mixed at 56 C for 60 min, diluted 10Â with 250 mM iodoacetamide, and maintained in the dark for 60 min. Finally, the samples were digested with trypsin (substrate to enzyme mass to mass ratio of 50 : 1) at 37 C for 12 h. The digested supernatant fractions were stored at À80 C without further treatment until mass spectrometry (MS) analysis. The resulting total cellular protein was measured using a protein detergentcompatible (DC) assay (Bio-Rad) and calculated according to a bovine serum albumin (BSA) protein standard curve.
Liquid chromatography-tandem mass spectrometry (LC-MS/MS).
The digested peptides were analysed on a QExtractive HF mass spectrometer (Thermo Scientic, Waltham, MA, USA) coupled with an Ultimate 3000 system (Thermo Scientic). The tryptic samples were resuspended with buffer A (water, 0.1% formic acid) and injected into a fused silica capillary C18 column (3 mm, 0.1 Â 20 mm). The peptides were then separated with a C18 column (120Å, 1.9 mm, 1.5 Â 120 mm) at a ow rate of 0.6 mL min
À1
. The gradient elution prole was as follows: 6-14% buffer B (80% ACN, 0.1% formic acid) for 24 min, 14-95% B for 54 min, and 95-96% buffer B for 2 min.
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The mass spectrometer was operated in tandem mass spectrometry (MS/MS) auto mode. Survey MS scans were acquired in the Orbitrap with the resolution set to a value of 120 000. Dynamic exclusion was set as 12 s. Each survey scan (300-1400 m/z) was followed by the top 20 data-dependent MS/MS scans at a normalised scan speed of 2 Hz. 25 2.3.3 Protein identication and data validation. Tandem mass spectra were examined with the Mascot 2.0 search engine (Matrix Science, London, UK) using a UniProt sequence database. 26 The search results were then ltered using a cutoff of 1% for peptide false identication rate. Enzyme specicity was set as trypsin, and a maximum of two missed cleavages was allowed. Methionine oxidation and N-terminal acetylation were set as variable modications, while carbamidomethylation of cysteine was dened as a xed modication for database searching. A fragment mass tolerance of 0.02 Da and a peptide mass tolerance of 10 ppm were used for both search engines.
2.3.4 Bioinformatics analysis. We use R language and the Perl language program for data analysis. R is a free soware environment for statistical computing and graphics. Raw spectrum data were processed using SEQUEST soware to extract peak lists. The obtained peak lists were analyzed using Proteome Discoverer soware (Thermo Scientic, version 1.4) against strawberry RNA-seq sequences combined with sequences of common contaminants, such as human keratins. The false discovery rates (FDR) were set to 0.01. The database we searched for was a transcriptome of the strawberry fruit (the experimental material) spliced by a unigene protein sequence translated into a protein database consisting of all the plant protein blast sequence alignments in the protein database and UniProt comment information.
Using the protein extracted from the strawberry before storage as a denominator, the ratio of the normalised spectral counts from the late storage of the strawberry proteome was compared to assess differential adjustments of proteins in response to treatment. The steps of normalized spectral abundance factor (NSAF) normalization 27 are as followed: the rst step is to calculate the sum of all proteins in a single sample; the second step is to divide the SUM value by the largest SUM value in several samples to yield a decimal number between 0 and 1 (two reserved bits), which is the coefficient of variation; the third step is to obtain the original protein signal value, which is the deviation coefficient for each protein sample. Using a 2-fold change (FC) and p-values < 0.05 as the variance for an up-or downshi in abundance, FC $ 2 and p < 0.05 were considered to reect upregulation, while FC # 0.5 and p < 0.05 were considered to reect downregulation.
RNA extraction and quantitative reverse transcription PCR (qRT-PCR) analysis
Based on the differential expression of proteins in functional categories, 20 key proteins were selected for expression veri-cation using qRT-PCR. Specic primers were designed using Primer 3.0 soware (ESI Table 1 †). Total RNA was extracted from three independent samples using the MiniBEST Plant RNA Extraction Kit (TAKARA, Japan). The relative quantication of candidate genes by qRT-PCR was carried out using an ABI StepOnePlus Real-Time PCR System, and analyzed using the comparative Ct method with 18S rRNA (GenBank No. LOC101312917) as the internal control. The reaction was carried out using TransScript® Green Two-Step qRT-PCR SuperMix (Thermo) following the manufacturer's instructions, and three repetitions were performed. Equation 2 ÀDDC t was used to calculate relative transcription levels. 28 
Statistical analysis
All experiments were conducted with three technical replicates and three biological replicates. The data were analyzed using analyses of variance (ANOVA) with SAS statistical soware. The least signicant difference (LSD) was calculated to determine signicant differences at the 5% level. Bioinformatics analysis was carried out to categorise proteins based on biological processes, cellular components, and molecular functions using annotations in the Protein Analysis Through Evolutionary Relationships (PANTHER) database v6.1 (http:// www.pantherdb.org), which is in compliance with gene ontology (GO) standards. Signalling pathway analysis was performed with the tools in the Kyoto Encyclopaedia of Genes and Genome database (http://www.genome.jp/kegg/pathway.html). Clusters of Orthologous Groups (COGS) category assignment was performed using the local alignment tool BLASTP with an evalue cutoff of <104. Hierarchical clustering analysis was performed with Mev 4.9 soware.
Results
Physiological quality traits
To compare the proteomics prole with the changes in the physiological characteristics of strawberries that correspond to the different ozone treatments (as opposed to the blank treatment), fruit respiration rate, rmness, TA, and anthocyanin were measured ( Fig. 1-4) .
3. treatment groups, but the hardness of the ozone treatment group was signicantly higher than that of the blank group (p < 0.05). At 28 d, the hardness of the four groups was approximately 0.08 kg cm À2 . Overall, ozone treatment slowed the Fig. 1 Respiration rate of the strawberry fruits during storage while undergoing the four ozone treatments. decline in strawberry hardness during the 28 day storage period, with the 2.144 mg m À3 treatment being the most effective.
Titratable acid (TA).
The content of TA in strawberry fruit initially increased and then decreased with the prolongation of storage time. At 14 days, the TA content of the ozone treatment group was signicantly higher than that of the blank group (p < 0.05). At 21 d, the TA content of each treatment group reached the peak, 0.50% (10.72 
Protein identication and quantication
The result of protein identication and results of differential proteins are shown in Table 2 and Fig. 6-10 .
Compared with the initial levels, 382 proteins were determined to be signicantly different, and the results used in this study are shown in detail in ESI Table 2 . † The expression of 9 proteins was reduced, and only 1 protein was abundant in all four treatments compared with initial levels. Furthermore, compared with the initial levels, there were 18 elevated and 240 reduced proteins in the 6.432 mg m Principal component analysis (PCA) is an unsupervised method of data analysis. As can be seen from Fig. 6 , there is no signicant difference within each treatment group, but the difference between the groups is signicant. Among them, blank 0 and blank 7 were separated, indicating that the protein spectrum signicantly changed aer 7 days of storage. The protein proles of the treatment groups exposed to different proteins (DN38542_c1_g6_i1; DN36953_c0_g2_i1; DN38314_c1_g3_i4; DN39221_c0_g1_i3; DN35844_c0_g5_i2; DN33265_c0_g4_i1; DN46943_c0_g1_i1; DN35749_c0_g2_i4; DN39915_c0_g1_i3; DN32133_c0_g1_i1; DN37718_c0_g2_i3; DN40671_c0_g1_i8; DN36541_c0_g1_i1; DN41597_c1_g1_i1; and DN41597_c1_g1_i8) were selected using qRT-PCR to investigate the expression changes at the RNA level. The results indicated that the transcriptional expression patterns of the 20 genes (1.3-fold) were consistent with their protein expression models, because the FCs of proteins 4 and 6 are approximately 1.7 and 0.5, respectively, in the 10.72 ozone treatment group at day 7 compared with blank 0.
Discussion
Strawberry is one of the most popular fruit crops in the world and is recognised for its nutrition and avour. Post-harvest storage conditions play a key role in fruit quality, which is inuenced by sugar, acid, volatile compounds, and different combinations of colours and avours. 29 Many physiological processes respond to environmental stimuli during storage, and some processes independently adjust the basic post-harvest response (Fig. 11 ).
Physiological trait analysis
4.1.1 Respiration. Among the three treatment concentrations, 10.72 mg m À3 ozone had the most obvious inhibitory effect on strawberry respiration. First, an increasing number of studies have shown that non-respiratory climacteric fruits are also regulated by ethylene, and ethylene scavenging can reduce the physiological and biochemical changes associated with strawberry maturation. 30 The negative oxygen ions produced by ozone have strong penetrating power, and could enter the strawberry cells to neutralize charge and decompose the ethylene, ethanol, acetaldehyde, and other gases released by the strawberry during the mature aging process. In addition, treatment with a higher concentration of ozone has a stronger scavenging effect, which slows down the metabolism of the fruit. Second, 10.72 mg m À3 ozone treatment can promote the shrinkage of stomatal surfaces on strawberries. 31 The stoma is the main organ of plants for respiration and transpiration. The size and number of stomata directly affect the strength of plant respiration.
4.1.2 Firmness. Ozone treatment inhibited the decline in strawberry hardness during the 28 day storage period, with the 2.144 mg m À3 treatment being the most effective, followed by 10.72 mg m À3 . This is consistent with the conclusions obtained by Han. 32 It was found that the hardness of mulberry in the blank group gradually decreased with the prolongation of storage time, but the pre-cooling combined with 4.288 mg m À3 ozone treatment reduced the hardness of black mulberry aer a small increase in the rst 3 days of storage. It was found by scanning electron microscopy that ozone treatment can inhibit the degradation of epidermal tissue of black mulberry and maintain the morphological characteristics of the cells. The dense epidermal structure can inhibit the evaporation of water and the invasion of bacteria. 32 Aday 33 found that the hardness of strawberries treated with 0.075 mg L À1 ozone water was higher than that of the blank group. There was no signicant difference in the effect of 0.075 mg L À1 ozone water and 30 W sonication on strawberry hardness (p > 0.05). Glowacz 34 found that 100 mmol mol À1 ozone treatment did not signicantly affect the hardness of red pepper (p > 0.05), but it caused the hardness of zucchini to be signicantly lower than that of the blank (p < 0.05). 4.1.3 TA. The content of TA in postharvest strawberry also exhibited transformation and balance. Studies have shown that TA is a direct substrate for respiration, and inhibition of respiratory metabolism leads to an increase in TA content. 35 The effect of ozone treatment on the TA content of strawberries greatly varied. The titratable acid content remained the highest in the 10.72 mg m À3 ozone treatment group compared to the others throughout the storage time, perhaps because the 10.72 mg m À3 treatment group has the lowest respiratory rate and reduces the consumption of TA as a respiratory matrix of glycolysis and the tricarboxylic acid (TCA) cycle. However, it may be that a high concentration of ozone inhibits TA from participating in the synthesis of phenols, amino acids, esters, and aromatics, while the 2.144 mg m À3 and 3 mg m À3 ozone treatment groups showed an advantage only in the rst 21 days (compared to the blank). Ali 36 also found that the decrease in the TA content in papaya was inhibited compared to the blank group and the lower ozone concentration treatment group when the ozone treatment concentration was higher than 2.5 ppm. Additionally, low concentrations of ozone did not signicantly affect the TA content of tomato and citrus (p > 0.05). 38 However, anthocyanins are a reducing substance that participates in redox reactions. The maximum time of the anthocyanin content in strawberry fruit for each treatment group was different, which may be related to the balance of anthocyanin production and consumption. It was observed that the 10.72 mg m À3 ozone treatment may increase the content of anthocyanins by promoting the process of phenylpropanoid metabolism in the early stage of storage, as well as the activity and protein abundance of key enzymes, such as phenylalanine deaminase, anthene synthase, and chalcone isomerase, in the avonoid synthesis pathway. 39 However, in the later stage of storage, ozone as a strong oxidant will cause oxidative degradation of anthocyanins, and the degradation of 10.72 mg m À3 is most obvious.
Proteins associated with energy metabolism
In the current study, the physiological activities associated with carbon xation are primarily involved in the Calvin cycle, which is a glucose generation process that occurs in plant chloroplasts. 40 The most important processes in the Calvin cycle are the formation of two molecules of triphosphate glycerol under the action of enzymes such as ribulose-1,5-bisphosphate (RUBP) carboxylase, 41 and the formation of glyceraldehyde 3-phosphate under the action of hydrogenated nicotinamide adenine dinucleotide phosphate (NADP), ATP, and the reduction of enzyme. 42, 43 In the current study, several enzymes, such as RUBP carboxylase (DN40398_c1_g3_i1, rbcL), were signicantly increased in the four treatments, suggesting that in the early stages of storage, the fruit slowly matured, and nutrients such as glucose, fatty acids, and amino acids were generated. The fruit has a tendency to increase carbon xation by adjusting its own enzyme activity. The level of glucose-1-phosphate adenylyltransferase (DN33938_c0_g1_i3) was less abundant in the blank, 2. The processes involved in the decomposition of carbohydrates are glycolysis and the TCA cycle. 44 Glycolysis is the process of decomposing glucose or glycogen into pyruvic acid, ATP, and NADH. The TCA cycle is a ubiquitous metabolic pathway in aerobic organisms that occurs in mitochondria, and is the ultimate metabolic pathway and hub of three nutrients (carbohydrates, lipids, and amino acids). The TCA cycle is an extremely complex process, and the key process is divided into the following steps: acetyl CoA and oxaloacetate are condensed to form citric acid under the action of citrate synthase; citric acid is isomerised to produce isocitric acid under the action of citric acid isomerase; isocitric acid is oxidised to produce aketoglutaric acid; ketoglutarate is converted to succinic acid by the action of glutaric acid decarboxylase;
45 succinic acid is converted to fumaric acid by oxidative dehydrogenation; 46 and nally, fumaric acid hydrolyses to produce malic acid, and malic acid is dehydrogenated to oxaloacetic acid. The process is expressed as an equation. 44, 47, 48 There are three key enzymes in glycolysis: hexokinase, 49,50 6-phosphofructose-1-kinase and pyruvate kinase. 47 Their catalytic reactions are essentially irreversible. 52 In the current study, the levels of these three enzymes in the four treatments was signicantly different. There was a signicant reduction of 6-phosphate fructokinase-1 (DN39221_c0_g1_i3) during the 6.432 mg m À3 treatment. Pyruvate kinase (DN36953_c0_g2_i1, DN35844_c0_g5_i2, DN36176_c0_g1_i1) was signicantly less abundant in the 2.144 and 6.432 mg m À3 treatments. Hexokinase (DN40359_c1_g9_i1) was also signicantly lessened in the 2.144 and 6.432 mg m À3 treatments.
The key enzymes associated with the TCA cycle that were detected in this study are shown in the following table:
As shown in Table 3 , the abundance of malate synthase (DN33354_c0_g1_i1) was increased in the four treatments. Citrate synthase (DN38781_c0_g2_i1) and isocitrate lyase were increased in the 10.72 and 6.432 mg m À3 treatments, respectively. However, malic enzyme (DN33265_c0_g4_i1) was less abundant in the blank and 2.144 and 6.432 mg m À3 treatments.
The expression of succinate dehydrogenase (ubiquinone) ironsulfur subunit (DN46943_c0_g1_i1), malic enzyme (DN41132_c1_g2_i4), and pantothenate kinase (DN39070_c0_g2_i7) was less abundant in the 2.144 mg m À3 treatment. The abundance of proteins related to the production of pyruvate, acetoacetic acid, coenzyme A, and succinyl CoA were lessened. The amount of enzyme hydrolysed by fumaric acid was also reduced.
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The TCA cycle is the primary energy supply for the cell, but it is also the primary method of acid production in plants. 54 Oxaloacetic acid is one of the limiting factors of the TCA cycle rate, 48 and we found that both the 2.144 and 6.432 mg m
À3
ozone treatments inhibited its production. This may indicate that these treatments can inhibit cell metabolism and decrease cell viability at the beginning of storage. In addition, when the direct energy material is insufficient, it is necessary for acid to be consumed. The 10.72 mg m À3 treatment is conducive to the formation of citric acid and other acids, which may indicate that it results in the highest content of TA of the four treatments.
There was no signicant difference in protein expression between the blank treatment and the 10.72 mg m À3 treatment in the TCA cycle, in addition to the inhibition of acetoacetic acid in the blank treatment. This may result in a reduction in the efficiency of the TCA cycle while the need for energy sources is high, which may lead to the consumption of total soluble solids (TSS) and TA as energy substrates. UDP-glucuronosyl/UDP-glucosyltransferase (DN35749_c0_g2_i4) and UTP-glucose-1-phosphate uridylyltransferase (DN39915_c0_g1_i3) are two enzymes closely related to the production of glucose, and they can promote the conversion of glucose-1-phosphate into UDP-glucose. 55 The two enzymes were less abundant in the 6.432 mg m À3 treatment, which may be the reason that the TSS in the 6.432 mg m À3 treatment is lower than the blank,
mg m À3
, and 10.72 mg m À3 treatments.
Proteins associated with anthocyanin content
Anthocyanins and avonoids are not only two important nutrients in strawberries, but also two important indicators of the quality of strawberry storage. 56 Anthocyanins are a family of compounds that react with anthocyanidins and glucose, which are synthesised in the endoplasmic reticulum and cytoplasm, and are ultimately transported to the vacuole. Anthocyanins have antioxidant and antibacterial functions, and a subclass of avonoids also leads to delayed senescence, and is the pigment responsible the red colour of the strawberry. Phenylalanine ammonia-lyase, chalcone synthase (CHS), chalcone isomerase, avonoid 3-hydroxylase, dihydroavonol reductase, anthocyanidin synthase (ANS), and anthocyanidin 3-O-glucosyltransferase play important roles in the synthesis of anthocyanins and avonoids, and some proteins associated with transcription and the production of pigment also play a regulatory role. 57 The synthesis of anthocyanins, glycosides, and avonoids in strawberry fruit is shown in Fig. 12 .
The transformation of shikimic acid into phenylalanine is not mentioned in Fig. 12 . Shikimic acid is the starting material for the synthesis of anthocyanins and avonoids. 61 The amount of 3-dehydroquinate synthase (DN32133_c0_g1_i1) associated with phenylalanine synthesis was signicantly reduced in the 6.432 mg m À3 treatment in this study. Cinnamyl-alcohol dehydrogenase isoform 3 (DN32133_c0_g1_i1) and 4-hydroxyphenylpyruvate dioxygenase (DN38542_c1_g11_i3; DN38542_c1_g6_i1), which are associated with the synthesis of coumaryl and tetraoxystyrene ketones, were signicantly lessened in the 2. which may result in reduced glycoside binding to anthocyanidins. The regulatory changes in these enzymes may also explain the high content of anthocyanins and avonoids in the 10.72 mg m À3 treatment group and the low content in the 6.432 mg m À3 treatment group.
Proteins contribute to fruit rmness
The soening of fruit becomes more obvious as the storage time increases. 62 Pectinase, cellulose, and other enzymes related to glucose metabolism play a vital role in this process. 63 The amount of endoglucanase (DN13670_c0_g1_i1) involved in the degradation of cellulose was signicantly reduced in all four treatments, which indicated that stressful reactions that soen fruit are produced in cells. Pectinesterase (DN37718_c0_g2_i3), which slows the degradation of pectin in strawberries, was signicantly less abundant in the 2.144 mg m À3 treatment group. The levels of the reversible glycosylated polypeptide family (DN38934_c0_g5_i4) associated with cellulose synthesis were signicantly reduced in the blank and 6.432 mg m
À3
treatments, which reduced the synthesis of cellulose at the beginning of storage and resulted in insufficient levels of cellulose combined with pectin. Overall, the physiological indicators of strawberries exhibited detailed changes from ozone treatment. Although lowconcentration ozone (2.144 mg m À3 and 6.432 mg m
) resulted in maintaining the rmness of the strawberries compared with the control group, it was not conducive to the accumulation and maintenance of TA and anthocyanins, and the inhibition of respiration was not obvious. However, the respiration of strawberry was thoroughly inhibited in the highconcentration ozone treatment group (10.72 mg m À3 ), which promoted the accumulation of TA and anthocyanin in the strawberries, and maintained the rmness. For the storage of post-harvest strawberries, 10.72 mg m À3 ozone is more suitable because low concentrations of ozone can cause damage to strawberry fruits, resulting in some unfavorable inducing factors.
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At the same time, enzymes associated with energy metabolism, fruit rmness, and anthocyanin synthesis were detected and found to be different aer proteomic analysis between the ozone treatment groups and the control group. The enzyme associated with the promotion of fruit rmness increased in the ozone treatment groups, which explains that it was the ozone that promoted the maintenance of strawberry rmness. The enzymes associated with the TCA cycle, Calvin cycle, and anthocyanin synthesis were markedly decreased in the lowconcentration ozone treatment group, which also explained the decrease in the accumulation of TA and anthocyanin, while the energy metabolism-related enzyme remained essentially unchanged in the 10.72 mg m À3 treatment group. In addition to citric acid and malate synthase, the enzyme associated with anthocyanin synthesis increased in the 10.72 mg m À3 treatment group, which may be the reason for the increase in the cumulative amounts of anthocyanins and TA.
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